ascending aorta hydraulic power; aortic hydraulic impedance; systemic power delivery; efficiency; angiotensin; norepinephrine; isoproterenol THE CARDIOVASCULAR SYSTEM and its regulated function belong to a class of systems called adaptive control systems. In general terms, an adaptive control system is one which inherently possesses the capacity to modify its own parameters based on the state of the system in order to optimize some measure(s) of system performance. There is little doubt that the cardiovascular system behaves in this manner. The distribution of blood flow within the cardiovascular system is almost continuously being modified to satisfy temporal variations in demand in the regional vascular beds. To achieve this latter function, the cardiovascular system utilizes both local (autoregulation) and central (reflex) mechanisms.
This aspect of cardiovascular regulation is well known. The exact nature of the performance measures of the cardiovascular system that are optimized is not known at this time. It can be inferred, however, that these measures probably include the mechanical function of the heart and the coupling of the heart and the peripheral circulation.
For the heart to provide energy to blood for flow in the peripheral vascular system, it must convert chemical energy into mechanical energy. Most of the early work in this area focused on the relation between the mechanical energy or work produced by the heart and the chemical energy required to produce the former (e.g. (13)). There has been increasing interest in recent years in the hydraulic power transferred from the ventricles to the peripheral circulation (1, 14, 17, 20 The effects of general anesthesia and acute surgical trauma in altering both hemodynamics and cardiovascular control mechanisms are well recognized (6, 9, 15). In addition, there are numerous problems involved in using unanesthetized but untrained dogs in experimental work (8). For these reasons, the experiments reported here were performed on trained, chronically instrumented animals in the unanesthetized state. The objectives of this study were a) to determine the total hydraulic power in the systemic circulation and its components in unanesthetized animals, and b) to determine the alterations in power delivery caused by cardiovascular perturbations induced by humoral agents.
METHODS
Procedures. These experiments were performed on a series of 22 healthy, adult, mongrel dogs. The animals were specially selected by the supplier for chronic studies. They were kept in isolation by the latter for at least 4 wk and judged free from chronic infection at the time of delivery. For 2 wk after delivery the animals were trained to lie quietly on a table in the recording laboratory. Their training was considered completed when they eagerly entered the laboratory, went to the table, and attempted to climb on the latter.
After their training was completed, the animals were instrumented under general anesthesia. The latter was induced by either sodium pentobarbital (25 mg/kg) or by sodium thiamylal (10 mg/kg for induction) and maintained by halothane (0.5-1.5 ml/l00 ml). The trachea was intubated and the animals were ventilated by positive pressure with air. A left thoracotomy was performed at the level of the third or fourth interspace. The pericardium was opened and the ascending aorta was dissected free by excising the surrounding fat. A loose-fitting, cuff-type, air-core, electromagnetic flow probe was placed on the vessel. Polyvinyl chloride catheters were inserted by direct puncture into the aortic arch (distal to the flow probe), the inferior or superior vena cava, and the left ventricle. The catheters were usually about 40 cm in length, and all had patent end holes. In addition, multiple side holes were placed in the left ventricular and central venous catheters. Implantable pressure transducers (Konigsberg Instruments, Inc., model P-l 9) were placed in the left ventricle of five dogs via stab incisions. The cables and catheters were passed through the opened interspace and exteriorized in the neck region via a skin tunnel. A chest tube was inserted, the ribs were approximated, the incision was closed by continuous suture, and the pneumothorax was reduced. The animal's incision and thorax were washed with chloramphenicol during closure. Daily doses of procaine penicillin G (200,000 U) and streptomycin (0.25 g) were administered intramuscularly 2 or 3 days before and for 1 wk after surgery. Blood samples were taken twice a week after surgery for complete blood counts. Fourier-series analysis. A detailed description of the system used for these procedures has been given previously (7).
Ascending aorta fluid-impedance spectra were computed from corresponding harmonics of ascending aorta pressure and flow in the usual manner (18). Since the pressure and flow used to compute hydraulic impedance were not measured at the same site, a spatial correction factor had to be applied (30). The principal error occurs in the impedance phase angle and is the consequence of the finite velocity of propagation of pressure waves. Pressure was usually measured distal to the flow probe with the exact distance measured at autopsy. This position error could be corrected if the pressure phase velocity was known. The latter was determined from the characteristic impedance HYDRAULIC POWER IN UNANESTHETIZED DOGS of the ascending aorta (Z,), which was estimated from the high-frequency values of hydraulic impedance (5). The phase velocity (Co) can be approximately determined from the' characteristic impedance (2,) as (5) :
where a is the internal radius of the artery and p is the fluid density (1.06 g/ cm3). The internal radius was obtained from the flow-probe diameter assuming the ratio of external diameter to internal diameter for the ascending aorta to be 1.135 (F. M. Attinger, personal communication). From the computed phase velocity, the spatial phase difference (A4) was computed for each frequency component using the relation (4):
where f is the frequency of the harmonics, and L is the distance between the sites of pressure and flow measurement. This phase correction never exceeded 22" at 15 Hz. The various components of hydraulic input power to the systemic circulation were computed as previously reported from our laboratory (20). The equations and methods used in the calculation of these components of power are identical to those described by Milnor et al. (14) . Flow velocity in these experiments was computed using the volume flow rate and values of internal radius computed in a manner identical to that used in its determination for equation 1.
RESULTS
General hemodynamics. Examples of hemodynamic variables recorded from one animal are shown in Fig. 1 Table 1 .
As can be seen in this table, there is a great deal of animal variability in these hemodynamic quantities.
In at least four animals heart rates were rather high, i.e., in excess of 120 beats/min. These animals were as adequately trained as the others, but simply had high heart rates with little CONTROL NOREPINEPHRINL ANGIOTENSIN 581 vagal tone as evidenced by the lack of significant sinus arrhythmias.
One dog, in particular, would routinely fall asleep while on the experimental impedance spectra at 150min intervals over a period of 1 h in the same animal. As can be seen from Fig. 2 , the individual harmonics tend to cluster at low frequencies where the differences in heart rates for each interval have only a minor effect on abscissa values. For the higher harmonics, they begin to disperse somewhat on the frequency scale, and the presence of biological and instrumentation noise causes the impedance values to scatter as well. This scatter becomes more marked at the highest frequencies shown. The graph shows that in the unanesthetized and probably also the anesthetized animal as well, spontaneous variations in the state of the experimental animal make it difficult to identify a unique impedance spectrum. More correctly, control or experimental values of impedance must be defined by some range at each value of frequency. Unique values, if they exist or are meaningful at all, can be identified only for the lowest harmonics. In panel B of Fig. 2 are summarized values of hydraulic impedance before and at peak response to norepinephrine injection in a single animal. In this animal, the response to norepinephrine was accompanied by a moderate but significant increase in peripheral resistance (15 %) and reduction in heart rate (10 %). As can be seen in the graph, the individual values of impedance are nearly equal at low frequencies and tend to follow the same trend at higher frequencies where the individual harmonic frequencies begin to disperse. From this graph, one is tempted to conclude that norepinephrine does not significantly alter the impedance spectrum, but merely alters the values of frequency where discrete data points occur. It could be argued that the perturbation in this particular experiment was too small to perceptually alter the impedance spectrum or that the methods employed (Fourier analysis) are too insensitive to detect the existence of a small change in the spectrum. However, this result has been observed in almost all the animals tested in the unanesthetized state at the dose of norepinephrine employed in this study. Larger doses were not used because in pilot experiments they were found to elicit arousal or excitement in the animals, which, as previously noted, altered the responses to such an extent that the results were meaningless.
This conclusion is further supported by the results in panels C and D, which show responses to angiotensin and isoproterenol, respectively. Again, in these two examples the data points appear to fall as discrete points on a continuous impedance spectrum which is the same for both control conditions and drug response. As a consequence of these findings, the hydraulic impedance data have been averaged from all the animals under the same conditions. The average impedance spectra are shown in Fig. 3 . Each symbol represents the mean and the vertical bars, Al SE for each data point. The bars indicating the standard errors for the abscissa values were omitted for purposes of clarity. They can be estimated from the standard errors of the mean heart rates under each experimental condition given in by an average value of 30 % and to produce expected reflex reductions in heart rate. It is interesting to note the same average reduction in heart rate in response to the same elevation of arterial pressure with these two different agents. On the other hand, the cardiac output was unchanged from control levels during norepinephrine but was decreased during angiotensin injection. The combined positive inotropic and chronotropic effects of the former were balanced by the effects of the slower heart rate and higher mean arterial pressure. The responses to isoproterenol were as expected for this agent.
In regard to systemic power input, norepinephrine was found to substantially increase total power over control values. This response was due primarily to an increase in mean pressure power and oscillatory kinetic power. Angiotensin was found to produce no significant change in total power when compared to control. There was, however, a shift in the contribution of the various components. Oscillatory pressure power decreased while mean pressure power increased in response to angiotensin.
The net effect of these opposite changes was no significant change in total power. Isoproterenol produced a large increase in total power delivered to the systemic circulation. This increase in total power was the result of increases in every one of its components. The largest increases occurred in the two kinetic components which more than tripled over control values. The average values of some of the power components expressed as a percent of total power are given in Table 3 for  control conditions and during peak drug responses. While the total kinetic power was a significant fraction of total power especially during isoproterenol, the mean component of kinetic power was always very small and never exceeded 1 % of the total power under any condition in any animal. The mean power or mean pressure-power fraction dominated the total input power. It was significantly increased during norepinephrine and angiotensin but decreased during isoproterenol.
On the other hand, the oscillatory power fraction was significantly reduced during norepinephrine and even more so in response to angiotensin.
This ratio of oscillatory power to total power has been proposed as a measure of the efficiency of the power delivered to the systemic circulation (14, 17). The heart rate dependence of the fraction of total power associated with oscillations was determined under the various experimental
conditions. An example from one animal is shown in Fig. 4 . The heart rate dependence was determined by making use of the sinus arrhythmia that exists during all the experimental conditions in unanesthetized dogs. Numerous cardiac cycles were analyzed under each condition.
These cardiac cycles had spontaneously varying durations even during the peak drug responses. Heart rates were extrapolated from the inverse of the cardiac period. In reality, the ordinate in Fig. 4 should read the inverse of cardiac cycle length rather than heart rate. Nevertheless, this technique does allow us to extrapolate to varying heart rates.
The inverse relation between fraction of oscillatory power and heart rate observed by others was also found to hold in these experiments.
This finding adds validity to the method employed.
As shown in the graph, isoproterenol shifts the curve significantly upward and to the right so that at any given heart rate the fraction of total power in the oscillatory components is increased. On the other hand, norepinephrine shifts the curve downward and to the left indicating a small fraction as oscillatory power. Angiotensin shifts the curve even further in the same direction as norepinephrine.
DISCUSSION
The results presented herein are qualitatively similar to those previously published in the literature (1, 17, 19, 21) . For the most part, the differences that do exist are quantitative in nature. Most of these differences can be ascribed to differences in the preparations employed, i.e., acute, anesthetized contrasted to chronic, unanesthetized animals. conditions. In studies reported previously, oscillatory power was found to be about 10 % of total power under control conditions (1, 17) . The differences cannot be ascribed to differences only in heart rate in the various studies, but are at least also due to differences in the preparations involved, i.e., acute versus chronic animals.
Kinetic power averaged 8 % of total power under control conditions, and almost all of this was associated with the oscillatory component. This finding is also different from results obtained previously with anesthetized animals (1, 17) .
The total hydraulic power delivered to the systemic circulation as well as its components have been found to depend on at least the following: a) heart rate, b) peripheral resistance or arterial pressure (left ventricular afterload), and c) the inotropic state of the left ventricle (14, 17). In this study use was made of response to neurohumoral stimulation as well as of the intrinsic sinus arrhythmia of these animals to evaluate the significance and effects of these factors. As reported by others, one of the most sensitive determinants of systemic power is heart rate (14, 17). Total hydraulic power, total pressure power, and total kinetic power are all strong functions of heart rate. The total pressure power and, by implication, total power (since the former is the major component of the latter) were found to be nearly linear functions of heart rate between 50 and 150 beats/min+ under all conditions. Total kinetic power and, by implication, oscillatory kinetic power, however, are complexly related to heart rate. At a given heart rate, kinetic power is reduced from control values in response to angiotensin and norepinephrine and increased in response to isoproterenol.
This complex relationship is emphasized by comparing the heart rate dependence of the ratio of oscillatory power to total power as summarized in Fig. 4 . This ratio has been suggested as a measure of the efficiency of power delivery to the systemic circulation (14, 17). That is, the lower the ratio the more efficient the power delivery. Using this concept, it would follow that angiotensin increases the efficiency more than norepinephrine, and that isoproterenol lowers the proterenol is interesting in light of the observations of the deleterious effects of this agent in the treatment of some forms of shock (24).
The second factor contributing to the determination of systemic hydraulic power is the left ventricular afterload. Increases in mean arterial press ure and peripheral resistance were produced by angiotensin and norepinephrine. These agents at a given heart rate level produced increases in mean pressure power. Kinetic power, on the other hand, is increased by norepinephrine but unchanged by angiotensin. The net result is an increase in total power and in the ratio of oscillatory power to total power. a reduction
Ve
The responses to isoproterenol produce red Nn tric ular afterload.
Under these conditions uctions in at a cons left tant heart rate, small increases in mean pressure power occur accompanied by large increases in oscillatory power components. This results in a net increase in total power and an increase in the ratio of oscillatory power to total power (i.e., reduced efficiency).
A portion, if not the majority, of the latter may be due to the positive inotropic effects of isoproterenol.
The other importan t determinant of aortic power delivery is the inotropic state of the ventricle. Large increases in in0 tropism are produced by isoproterenol administration. As previously mentioned 3 this results in increased power delivery but at a reduced efficiency, i.e., a higher oscillatory to total power ratio. It is difficult to separate the effects of the inotropic stimulation from those of the peripheral vasodila tation. In a group of simila r experiments performed acutely on chl .oralose-anesth .e tized dogs (100 mg/kg), left stellate ganglion stimulation produced qualitatively similar results to isoproterenol stimulation (unpublished observations).
In these experiments cardiac sympathetic nerve stimulation at low levels (ca. l-5 Hz) produced increases in
